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1.  IKTRODUCnCK^ 


The  UOifr  (Laser  Ignition  in  Guns,  Howitzeis  and  Tanks)  Program  was  established  at  the  U.S.  Army 
Reseaidi  Laboratory  (ARL),  Aberdeen  Proving  Ground.  MD.  is  a  result  of  an  ignitkm  concqrt  udiich  was 
discovered  at  ARL  called  "resonance  laser  ignition"  (Porch  and  Miziolek  1987, 1986, 1991;  Porch,  Morris, 
and  I^ziolek  1990).  The  attractive  feature  of  this  ignition  source  lies  in  the  efficiency  of  the  (xocess 
v^di  may  allow  for  the  development  of  small  low-energy  lasers  to  be  used  as  igniters  for  energetic  solid 
materials  such  as  gun  propellants.  A  laser  source  which  is  tuned  to  absorption  transitions  in  solid 
materials  or  in  pyrolysis  gas  produced  at  the  solid-gas  interface  could  lead  to  efficient,  low-energy  ignition 
thresholds.  Purdtermore,  the  ability  to  directly  ignite  prr^llam  beds  could  lead  to  the  eliminatitHi  of 
[Mimets  and  igniters  from  the  ignidon  train  which  would  dramatically  minimize  vulnerability,  simplify  the 
ignition  train,  and  facilitate  the  ignition  of  insensitive  munitions  which  are  inherently  difficult  to  ignite. 
Within  the  LIGHT  Program,  laser  ignition  has  been  categorized  into  two  regimes — direct  and  indirect 
ignitiotL  The  direct  laser  ignition  concepts  focus  on  initiation  of  propeUant  beds  via  the  interaction  of 
laser  light  with  the  charge.  Indirect  laser  ignition  involves  the  removal  of  currem  primers  and  igniter 
material  horn  the  ignition  train  in  their  present  configuration  within  the  munition.  The  laser  light  is  first 
transmitted  to  a  sensitizer  which  is  a  small  quantity  of  energetic  material  which  then  transfers  the  ignition 
stimulus  to  the  propellant  bed.  Both  laser  ignition  concepts  involve  the  transfer  of  laser  radiation  into  the 
gun  through  the  use  of  optical  fibers.  Conventirxtal  propellant  ignition  systems  use  pyrotechnics  and 
primary  exftiosives  which  are  impact  irtitiated  or  electrically  initiated  to  transfer  energy  to  the  propellam. 
In  these  configurations,  simultaneous  (isoduonic)  initiation  and  uniform  flamespreading  within  the 
(Mt^llam  may  not  be  efficiently  controlled  such  that  combustion  instabilities  which  lead  to  undesirable 
inessure  oscillations  or  differentials  can  result  However,  multipoint  laser  ignition  through  optical  fiber 
networks  have  the  potential  to  improve  ftamespreading  characteristics  through  isochronic  ignition  and  also 
to  substantially  reduce  pressure  waves.  Additional  advantages  of  a  laser-based  ignition  system  include 
imfMoved  system  reliability,  simplicity,  and  safety. 

There  are  many  important  characteristics  of  the  laser  which  much  be  addressed.  These  laser 
parameters  include  energy,  power  density,  pulse  loigth,  wavelength,  and  repetition  rate.  Lasers  whidi  we 
have  examined  as  ignition  sources  include  rare-gas  discharge  lasers  (excimers),  CO2  lasers,  solid-state 
lasers  such  as  NdrYAG  or  Nd:glass.  and  small  diode  lasers.  Excimer  lasers  are  convenient  sources  of 
ultraviol^  light  (UV)  which  can  be  delivered  a  high  repetition  rates.  Most  oieigetic  materias  used  in 
gun  pnqMlsion  absorb  well  in  the  UV;  however,  the  pulse  length  of  these  lasers  (nanoseconds)  is  too  aiort 
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for  reliable  initiation.  The  hi^  peak-poweis  generated  by  these  lasers  toid  to  cause  ablation  (blow-off) 
rather  dian  ignition  of  the  energ^c  material.  In  addition,  the  UV  wavelengths  produced  by  these  lasers 
are  not  readily  transmitted  thiou^  optical  fibrn*  material  and/or  can  damage  the  irput  coupler  ends  of  the 
fibers.  CQx  ittsers  can  readily  generate  high-eneigy  pulses  which  can  easily  ignite  oieigetic  materials; 
however,  the  laser  wavelength  it  produces  (ca.  10.6  pm)  also  cannot  be  readily  transmitted  through  of^cal 
fibera.  Gennanium  fibers  have  beat  developed  which  will  readily  transmit  this  wavelength,  but  are  very 
Inittle,  e]q)ensive,  and  cannot  be  manufactured  in  lengths  suitable  for  gun  applications.  There  are  many 
other  types  of  lasers  whidi  may  serve  as  candidate  igniters,  however,  a  particularly  attractive  laser  source 
is  die  solid-state  laser  based  upon  the  Nd* ^  ioa  Generic  lasers  of  this  type  are  the  NdrYAG  and  Ndrglass 
which  qrerate  near  1.06  pm  and  l.OS  pm.  respectively.  These  laser  systems  can  be  made  very  small 
(pyro-type),  rugged,  reliable,  long-lived,  and  inexpensive.  Laser  radiation  near  1  pm  can  readily  be 
transmitted  throu^  very  durable  and  inexpensive  fused  silica  optical  fibers  over  great  distances  with 
negligible  loss.  These  lasers  can  operate  in  continuous  mode  or  produce  picosecond  to  millisecoral  pulses. 
This  laser  waveleng.  .s  also  readily  transmitted  tiuough  sapihire  breech  window  material  TheNd'.glass 
laser  has  been  used  extensively  as  an  ignition  source  within  the  LIGHT  Program  as  a  result  of  these 
attributes.  Laser  ignition  sources  may  be  mounted  c ,  exterrud  hardware  at  the  gun  mourn  or  the  laser  may 
be  directly  attached  to  the  gun  breech.  In  either  scenario,  tte  laser  must  be  sufficiottly  sturdy  to  survive 
the  high-energy  gun  recoil  forces.  The  laser  must  also  use  fail-arm-safe  electronics  to  both  alleviate 
unwanted  firings  and  serve  as  an  integrity  verification  of  die  optical  igniticxi  train. 

This  report  describes  die  progress  made  in  the  development  of  a  laser-based  ignition  system  for  the 
Advanced  Tank  Cannon  System  (ATACS)  which  consists  of  a  two-piece  ammunitioa  The  incorporation 
of  multiccmponent  ammunition  in  die  propelling  charge  introduces  interfaces  which  can  interfere  widi 
reliable  flamesiHeading  characteristics  in  the  combustion  event  Interfaces  which  inhibit  rapid  flamespread 
widiin  the  propellant  bed  can  lead  to  localized  ignition  which  in  turn  may  produce  pressure  differentials 
between  die  charge  and  projectile  base.  Interior  ballistics  calculations  performed  at  ARL  have  shown  that 
simultaneous  ignition  of  multicomponem  ammunition  sudi  as  the  two-piece  tank  round  can  enhance 
flame^neading  characteristics  and  minimize  the  probability  of  gun  failure.  Therefore,  an  ignition  system 
which  utilizes  a  laser  and  a  diree-point  optical  fiber  network  has  been  developed  and  tested  in  a  full-scale 
ballistics  simulator.  Detailed  experimental  investigations  on  die  laser  multipoint  ignition  of  Uadtpowder. 
ban  powder,  dean-burning  igniter  (CBI)>  and  JA2  propellant  have  been  performed  and  will  be  described. 
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2.  EXPERIMENTALyPROCEDURE 


There  are  mimerous  diagnostic  lasers  avaiUdde  to  probe  the  ignition  md  combustion  laboratoiy  such 
as  a  Nd:YAG-Dye  laser  system  whidi  produces  tunable  laser  light  Two  hi^-eneigy  Laser  Photonics 
Ndcglass  lasers  serve  as  ignition  sources.  These  lasers  are  variable  energy  (up  to  30- J  laser  energy^xilse) 
and  can  generate  pulse  widths  (using  a  pulse-forming  iretwotk)  from  100  ps  to  10  ms.  Diagnostics 
equipment  indudes  optical  multichannel  analyzers.  q)ectrometers.  pressure  sensors,  digital  scopes,  and 
other  high-qwed  image  processing  equipment  The  beam  diameter  is  6.3S  mm  and  divergence  is 
3-4  mrad.  The  calculated  diameter  of  the  laser  beam  at  the  focus  of  this  laser  varied  horn  3(X>-S00  pm, 
depending  on  the  focal  length  of  the  lens  used  in  eitiier  a  pyrolysis  or  laser  ignition  experiment  This  laser 
beam  was  focused  into  a  siitgle  3(X)-cm  length,  l-nun  diameter  dadded,  solid-core  fused  silica  optical  fiber 
or  into  an  t^cal  fiber  bundle  with  a  9-way  split  which  gave  ca.  1-2  J  laser  energy  at  the  end  of  eadi 
SMA  cranector.  The  pulse  energy  was  measured  with  a  Scientech  volume-absortting  disc  calorimeter 
Modd  No.  38-0103  and  analog  meter. 

In  the  IA2  direct  ignition  erqreriments,  tire  propellant  grains  were  mounted  on  a  hi^-precision  motion 
stage  (a  stadc  of  three  Daedal  Series  1(XXXX)  linear  micropositioners  and  one  Daedal  Series  20000,  S-in 
rotary  taUe)  vridi  four  degrees  of  control  (X,  Y,  Z,  H).  The  translational  stages  each  provide  4  inches  of 
travd  with  a  translatioiud  accuracy  (straight  and  positional)  of  •t-/-S.O  x  KT^  infin  of  travel  and 
bidirectional  rqreatability  of  S.O  x  ICT’  in.  The  rotational  stage  provides  angular  repeatability  of 
0.2  arcAnin  with  an  accuracy  of  3.0  arc/mia  Eadr  stage  is  driven  by  a  stepper  motor,  with  microstepping 
controlled  by  a  Epstm  Modd  Plus  microcomputer.  Time  sequerrcing  of  tiie  two  lasers  was  accomplished 
using  a  high-  predsion  (4/-10  ps)  digital  dday  generator  (Stanford  Research  Systems,  Model  No. 
DG  535)  which  was  triggered  with  the  arrqrlified  signal  from  a  high-speed  pin-photodiode.  A  remote 
control  oudet  at  the  long-pulse  laser  generates  a  TIL  trigger  pulse  when  the  laser  fires,  which  can  trigger 
anodier  source  or  it  accepts  a  similar  TTL  pulse  for  firing  by  an  external  trigger.  The  experimental  set-up 
for  the  small-scale  and  full-scale  ballistic  simulators  will  be  described  later. 

3.  RESULTS  AND  DISCUSSION 

3.1  Riarfmniiftter  IgnitioTL  Bladqwwder  can  be  ignited  easily  with  a  laser  over  a  wide  range  of 
energies  and  pulse  durations.  Laser  ignition  of  Idackpowder  has  been  investigated  ixeviously  by  others 
(Oatrowski  and  Grant  1981).  The  inve^gations  described  in  diis  work  were  performed  usirtg  two 
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NdiQlass  lasers  which  can  deliver  iq>  to  30  J  of  eneigy  from  pulses  which  can  be  varied  ftom  ISO  ps  to 
10  ms.  The  bladqiowder  samfdes  (Class  1,  3.  S)  consisted  of  loose  granules  which  were  ignited  at 
atmospheric  pressure.  The  Uadqrowder  was  contained  in  bag  material.  An  investigation  of  the  interaction 
of  die  laser  beam  with  the  Uaciqmwder  bag  material  gave  no  evidence  of  ignition  whatsoever,  however, 
the  weaving  of  die  bag  material  was  loose  enou^  to  readily  allow  for  laser  transmission  though  the 
material  The  criteritm  for  ignidtm  was  a  single  laser  pulse  which  resulted  in  sustained  ignition  and 
comid^  cmnbustion  which  consumed  the  entire  sample.  If  the  sample  did  not  ignite,  th»i  it  was 
discarded  and  reidaced  with  an  identical  sample.  A  second  laser  shot  into  a  previously  irradiated  sample 
showed  that  the  first  laser  pyrolyzed  die  material  which  produced  new  chemical  products  with  reactivities 
that  differed  from  the  original  sample.  This  always  resulted  in  a  lower  ignition  threshold.  A  similar 
behavkir  was  also  observed  in  solid  im^llant  direct  ignition.  A  sapidiire  window  was  inserted  into  the 
laser  beam  path  in  order  to  split  off  5%  of  the  radiation  to  trigger  detection  electronics.  A  mylar  window 
was  also  insetted  into  the  laser  beam  optical  path.  Both  of  these  windows  ate  optical  interfaces  through 
which  the  laser  beam  must  be  transmitted  in  the  ATACS  ignition  system,  as  will  be  described  later.  The 
transmisavity  of  a  mylar  window  was  also  investigated.  Detailed  experimentation  has  shown  drat 
regardless  of  the  laser  pulse  duration  (2-10  ms),  70%  of  the  laser  was  transmitted  dirou^  with  no  damage 
to  the  mylar  in  20  rqieated  shots:  30%  of  the  laser  bean  was  absorbed  and/or  scattered.  It  is  interesting 
to  note  that  the  window  was  not  burned  or  charred  as  a  result  of  laser  transmission. 

A  detailed  investigation  of  the  laser  parameters  required  to  ignite  small  blackpowder  samples  (up  to 
28  g)  were  performed.  An  electronic  pre-trigger  signal  from  the  laser  triggered  the  sweep  of  a  high-speed 
digital  oscilloscope.  Two  high-speed  photodiodes  observed  the  ignition  event.  The  first  idiotodiode  was 
optically  shielded  and  insulated  to  observe  light  emissioi  other  than  that  which  resulted  from  the  laser. 
The  second  photodiode  ci^rtured  light  emission  fixnn  the  blackpowder  ignition.  The  laser  pulses  were 
characterized  by  having  a  Gaussian-type  spatial  intensity  distribution  across  beam  measured  from  bum 
paper  and/or  spatially  with  a  photomultiplier/scanning  monochromator.  Mode  structure  can  indeed  vary 
qiatially  from  pulse-to-pulse  as  a  result  of  thermally  induced  distortions  (phonon  modes)  widiin  the  rod 
as  it  is  heated  during  repetitive  firings.  The  temporal  profiles  of  the  laser  beam  vary  dramatically  as  the 
laser  pulse  haigdis  increase  from  the  microsecond  to  millisecond  time  regime.  The  lasers  employed  in 
fiiis  work  utilize  a  pulse-forming  network  to  alter  flashlamp  discharge  to  achieve  longer  pulse  lengths. 
Laser  poises  in  the  ISO  ps  to  1.0  ms  time  regime  yield  a  somewhat  distorted  Gaussian  profile,  while  the 
tcfliqionl  profile  of  laser  pulses  >1.0  ms  i^iproadi  a  square  wave. 
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A  pmmetric  investigation  of  tiw  laser  pulse  duntion.  laser  energy,  and  ignition  delay  on  the  ignition 
(tfbladcpowderievealed  several  lepnxhidtrie  trends.  The  first  sigrudsdiat  were  observed  was  laser  scatter 
followed  1^  11^  emission  at  loitger  times  from  tire  complete  combustion  of  tire  samfdes.  A  {dot  of  the 
ignition  delay  time  relative  to  tire  leading  edge  of  the  laser  pulse  vs.  pulse  length  is  presented  in  Figure  la. 
Eadi  data  point  is  iqMesents  tire  average  of  three  indqxndent  measurements  with  an  error  of  ~10%  as 
obtaiired  fiom  the  standard  deviation  of  the  mearu  Time  to  ignition  was  measured  from  digital 
osdlloscqre  traces,  relative  to  tire  laser  pulse,  as  the  point  where  tire  baseline  slope  changed  more  than 
S%.  It  was  found  that  shorter  length  laser  pulses,  at  constant  energy,  resulted  in  smaller  ignition  delays 
rdative  to  tire  longer  laser  pulses.  This  has  been  attributed  to  heat  loss  through  thermal  difiiision  in  the 
material  vtiren  an  identical  quantity  of  energy  is  delivered  to  tire  surface  in  a  Irnig  laser  pulse  as  compared 
to  a  much  shcnter  pulse.  Conversely,  it  was  found  that  tire  ignition  threshold  for  identical  samples 
decreased  with  longer  laser  pulses  as  is  depicted  in  Figure  lb  0-e->  longer  laser  pulses  required  less  energy 
for  ignition  than  shorter  laser  pulses).  Furthermore,  there  was  a  irear  lirrear  Aepeniencc  of  the  laser  pulse 
lengtii  on  ignitirm  energy  threshold.  It  was  also  found  that  if  the  laser  beam  was  ti^y  focused,  then  the 
rate  of  energy  irqmt  into  tire  material  could  not  compete  with  thermal  diffusion  into  the  material;  therefore, 
ignititm  delay  times  became  much  longer  or  sustairred  combustion  was  not  achieved  because  of  surface 
ablation.  A  key  feature  of  this  work  which  is  readUy  ^iparent  is  that,  althou^  at  constant  energy  longer 
poises  have  a  Icmger  ignititm  delay,  simply  increasing  the  energy  results  in  minimal  ignition  delays.  For 
example,  for  a  S^s,  2-J  laser  pulse  which  ignited  a  small  1-g  sample  of  blaclqiowder.  an  ignition  delay 
of  7  ms  was  measured  fixnn  baseline  extrtqxilation  of  an  intensity-time  plot  However,  doubling  tire  laser 
energy  to  4  J  under  otherwise  identical  eiqxrimental  conditions  shows  that  the  bladqwwder  begins  to  bum 
during  tire  laser  pulse  with  essentially  rx>  delay.  This  observation  is  further  quantified  by  plotting  the 
ignition  delay  for  identical  Idackpowder  samples  using  a  2-ms  laser  pulse  at  the  ignition  threshold  as  a 
fimctitm  of  laser  energy  (Hgure  Ic).  A  lirrear  dependence  of  the  ignition  delay  on  laser  energy  was 
observed.  Therefore,  a  itiausitde  method  of  minimizing  ignition  delay  times  for  bladqxiwder  essentially 
reduces  to  a  comfumnise  or  trade-off  between  long  laser  pulses,  which  give  lower  ignition  energy 
tiueAolds  and  short  laser  pulses  which  give  short  ignition  delays,  but  higher  ignition  thresholds. 

A  series  of  eiqreriments  using  an  (^cal  fiber  rretwork  for  multipoint  ignititm  of  blaclqrowder  were 
performed.  The  Laser  Photcmics  system  has  a  provision  for  conrrection  to  a  9-way  optical  splitter  whidi 
is  interfaced  to  the  laser  tiirough  standard  SMA-type  connectors.  The  laser  beam  was  focused  into  the 
bundle  and  about  2  J  of  laser  energy  were  measured  at  the  end  of  each  S-m  optical  cable.  The  lasm* 


^pnMtedMfbrlhBMtiatioQctf  six  biaciqpoi^  riwwed  tfaii  dl  mplet  igniied  within  <  OJ  ms 
of  eaA  other,  nd  tint  the  samples  were  emireiy  consumed. 


The  ignition  of  aitemate  igniter  materials  sudi  as  ball  powder  and  clean-buming  igniter  matmial  was 
also  investigated.  These  materials  have  the  advantage  of  leaving  much  less  caibon  residue  in  the  gun 
chamber.  This  residue  can  interfere  vrith  the  gun  breech  seal  and  possildyaxitaminate  the  breedi  window 
dnough  die  laser  is  transmitted.  Detailed  experimental  investigations  revealed  that  these  materials 
could  be  reliably  ignited  using  2-5  J  of  laser  energy  fiimi  a  3-ins  laser  pulse.  Representadve  data  is 
presented  in  Figures  2a  and  2b. 

3.2  Laser  Imitiwi  of  JA2  Pmnellant  Ignition  of  OHidensed-phase  media  st  solid  propellants, 
explosives,  and  other  energetic  materials  using  pulsed-laser  sources  may  afford  numciuus  advanuges  over 
convendcmal  chemical  means  used  for  the  initiation  of  these  materials.  In  particular,  the  ignition 
cfaamcterisdcs  of  these  substances  are  not  cmly  affected  by  their  chemical,  physical,  and  thermal  properties, 
but  also  by  their  optical  properties  (DeLuca  et  al.  1976). 


Laser  ipiition  of  solid  propellants  can  be  omveniendy  categorized  into  two  regimes  (Harayama,  Saito, 
and  Iwama  1983).  The  first  is  self-sustaining  igrdtion  where  the  existence  of  a  standing  flame  flora  results 
in  comidete  combustion  of  the  material  subsequent  to  the  removal  of  exterrud  heating  by  the  laser 
radiatkm.  Decomposed  gases  generated  at  the  pttqrellant  surface  diffuse  rapdly  into  the  gas  phase  through 
a  sbeep  thermal  gradient  If  die  combustiUe  gas  ccmcemraticm  and  surface  temperature  are  suffldendy 
Ugh,  dien  self-sustaining  combustion  occurs.  The  second  is  non-self-sustaining  ignititm  where  die 
existence  of  a  standing  flame  flont  is  dqiendettt  upm  heat  flux  input  from  the  lasn-.  Insufficient  surface 
deconqiodtkm  and  low  surface  temperature  cmnlrined  with  poor  heat  transfer  between  gas  phase  and 
condensed  phase  reactions  extinguishes  combustion  if  the  laser  radiation  is  terminated  (Kashiwagi  1979). 
Determination  of  die  experimental  cmditions  which  lead  to  self-sustaining  laser-initiated  combustion  are 
the  focus  of  these  eiqieriments. 

Small  ^lantities  of  propellants  can  indeed  be  ignited  by  single  laser  pulses,  but  heat  transfer  and 
subsetpieiit  flamespreading  throughout  the  charge  can  be  slow  witiwut  the  use  of  a  distributed  ignition 
system.  For  example,  Uadqpowder  and  primer  material  are,  relativdy  speaking,  very  ermgetic,  have  fsst 
bom  rates,  fest  gas  gennation  rates,  and  produce  hot  particles  wtiidi  serve  to  ^iread  the  ignition  stimulus 
throughout  very  qokkly.  Direct  laser-based  ignition  of  a  series  of  propellants  using  the  Nd:glass  laser  was 
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taTfiUjiirit  llMieiDGtadBJA2.MaaLKL.L0VA.  and  HMXl.  Wecfaoaetopeffomitlie  bulkoftte 

«ni  IA7,  whirfi  U  «  wi»nJnio«in  irimwilltilftwt-hMftrt  pinp»>llMtf  An  importaitt 

ooniidefatioo  ia  tta  ooiqiling  of  the  laser  eneisy  tatto  the  pn^)ellant  at  the  surface.  Coatings  on  the 
piopellaal.  aiidi  as  giaphitB.  greatly  enhance  the  absorption  of  laser  energy  at  l.OS  pm  for  sam{des  wfaidi 
could  not  otherwise  be  ignited.  Ignition  is  also  enhanced  when  graphite  is  dispersed  within  the  propellant 
fonnulatian.  An  additional  important  consideration  is  the  laser  pulse  duradoiL  U  was  found  foat  short 
laser  pulses  (rumosecond  time  scale)  produce  oi  intense  light  flash  of  ignited  pyrolysis  gases,  however. 


sustained  combustion  of  the  bulk  solid  was  not  achieved  after  the  laser  pulse  subsided.  Apparently,  the 
nee  of  energy  faqait  to  the  solid  gready  exceeds  die  rate  of  diermal  diffusion  into  die  bulk  samfde  sudi 
that  "hot  spots"  ate  formed  which  results  in  surface  aUation  and  ejection  of  material  whidi  inhilMts 
sustained  combusdoiL  Longer  laser  pulses  on  the  order  of  3-10  ms.  5-10  J  successfully  ignited  pn^Uant 


samples  in  ambieid  air. 


A  deflagrating  solid  propellant  sam^de  of  JA2  exhibits  a  comjdex  flame  structure  cmisisting  of  several 
stages  (Liiva,  Fethendf,  and  Litzinger  1991).  The  first  stage  involves  condensed  phase  decmnposition  due 
to  heat  flux  at  the  surface  of  die  propellanL  The  second  stage,  called  the  "fizz  zone."  is  the  beginning  of 
die  gas  phase  reaction  and  is  very  diin  (100-200  pm)  at  1  atm  of  pressure.  This  zone  is  an  important 
source  of  heat  feedbadc  to  die  propellant  surfime  as  well  as  gassification  which  sustains  ignitkxi  when  the 
radiant  ignition  source  is  removed.  The  third  stage  is  the  dark  zme  or  non-luminous  region  above  the 
surface  between  die  s(did-gas  intetfime  whose  thickness  is  highly  dependem  on  pressure  (Miller  and  Kotlar 
1S186).  The  fiiorth  and  final  stage  is  the  luminous  flame  fiom  whose  qipearanoe  is  dependent  on  ambient 
gas  conditions  and  pressure.  At  pressures  <1  atm,  a  luminous  flame  is  not  observed  in  an  oxygen-free 
environmem  in  a  dosed  vessel  At  high  oxygen  concentrations,  die  flame  bums  doser  to  the  propeUant 
surface  dian  at  lower  oxygen  coniem.  For  convenience,  the  bulk  of  our  experiments  were  performed  at 
atmoqihettc  pressure  and  in  air  radier  than  a  dosed  combustion  dumber.  Under  these  conditimis,  the 
laser-igidted  propellant  samples  burned  as  a  diflusion  flame  with  an  unlimited  supply  of  oxygen. 

Parametric  investigations  of  JA2  ignition  revealed  similar  trends  in  the  ignition  behavior  as  had  been 
observed  in  blackpowder  igdtioa  Laser  ignition  delays  decreased  linearly  as  die  pulse  width  decreased 
and  die  Ignidon  energy  direshold  decreased  as  die  laser  pdse  width  increased  O^gure  3a).  Wealsofound 
that  at  laser  pulse  kngdi,  the  ignition  delay  time  decreased  with  increased  laser  energy.  Laser 

with  die  sorfine  produces  hi^  ooncentradons  of  initial  decomposition  products  whidi  drops 
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offMPigrftaiteNitee.  A  laief  produced  phane  was  detected  li  «I1  ignition  itaeAoMs.  n^Mdksg  <rf 
ttiB  lavr  psiie  widtti,  wd  wm  accomptnied  by  cgected  paiticulMs  mi  blackbody  fadiadon. 

The  tanpMtaot  process  in  radiative  ignidon  is  the  absorption  of  sufficient  external  radittion  to  heat  the 
material  near  the  surface  above  its  decomposition  temperature  and  release  deannpositiMt  products.  When 
radiant  energy  is  incidett  vpoa  die  sam^,  most  of  the  energy  is  absorbed  by  the  san^e  at  the  surface 
and  apottion  is  reflected  1^  the  surface.  The  fraction  of  inddent  radiaL^n  udiich  is  absorbed  or  reflected 
nu^  be  highly  dependent  of  die  laser  wavelength  and  will  be  the  subject  of  future  investigations. 
Radiation  that  is  abenbed  by  the  sample  converts  to  heat  energy,  rod  if  diffusion  of  heat  through  die 
sample  keqps  pace  widi  the  rate  of  energy  absorption,  then  thermal  gradients  among  the  ingredients  win 
remain  minimd  and  diefflical  decomposition  will  evolve  spmitaneousiy.  When  the  energy  absorption  rate 
in  die  sample  is  mudi  greater  than  die  diffusion  rate,  intermolecular  thermal  gradients  develop.  Thermal 
gradients  and  hot  spots  develop  that  promote  decomposition  and/or  reactions  of  sensitive  ingredients 
(pyndysis).  biolysis  gases  fiom  die  decomposed  inopeUant  surface  rapidly  diffuse  into  the  gas  phase 
and  ignition  occurs  in  the  gas  phase  very  dose  to  the  surface.  The  induction  time  for  laser  ignitiim  to 
occur  is  highly  sensitive  to  the  area  illuminated  by  the  laser.  We  found  that,  in  general,  the  induction  time 
or  ignition  delay  hicreased  widi  deoeased  illuminated  surface  area  (Dimitriou  et  aL  1989).  The  ignition 
delay  for  JA2  plotled  as  a  function  of  die  percem  of  die  surfoce  irradiated  by  the  laser  (at  constant  energy, 
7  J)  is  dwwn  in  Bgure  3b.  The  laser  beam  was  gendy  focused  using  a  1-m  lens  and  the  samples  were 
positioned  lo  imeisect  die  beam  at  difforent  distances.  As  the  sample  is  translated  away  from  die  lens 
towards  the  laser  focus  (at  constant  energy),  die  energy  density  increases,  udiicfa  tends  to  minimize  the 
ignition  delay.  However,  this  efEbct  is  counteracted  by  the  tendency  for  decreased  percent  surface 
irradiation  to  increase  die  ignition  delay  time  si^  diat  bom  ~80%  to  30%  surface  illumination,  the 
ignition  delay  time  remains  ftirly  constant  At  <30%  surface  illumination,  die  ignititm  delay  time 
incmaaei  mneh  mote  dramatically  to  die  dvetiiold  (dotted  line)  where  die  samfde  ignites,  but  cemibustion 
is  not  sustafaied  stibsequent  to  die  termination  of  the  laser  pulse. 

Shice  die  gas<phase  reactions  near  the  propellant  surface  during  laser  ignition  with  die  ambient 
atmoqihete  nuy  plr^  an  important  role  in  die  early  stages  of  ignition  (Liiva,  Featherolf,  and  Litzinger 
1991),  we  petfotmed  a  series  of  eiqietlmeiiis  to  determine  the  effect  of  molecular  oxygen  emoeittration 
on  dueahold  for  laser  ignitkm.  This  was  aocomfdished  by  determining  the  laser  ignition  dueshold  of  JA2 
propellant  as  a  ftmetion  of  percent  mtygen  concentration  in  a  plexiglass  chamber  whidi  was  purged  with 
a  mixtiite  oi  oxygen  and  argon  gas  at  constant  pressure  and  volume.  The  ignition  energy  thretixtid 


increased  sUgittly  as  the  pooent  oxygen  in  the  ambient  atmosphere  decreased  fipom  100%  to  40% 
(Rglire  3c).  At  lower  oxygen  concentration,  paiticulaily  <20%,  the  ignition  eneigy  threshold  increased 
dramatically.  This  observation  deaily  indicates  that  chemical  leacticms  between  laser-produced  pyrolysis 
gases  with  oxygen  must  promote  diemical  reactions  whidi  enhance  thermal  feedback  to  the  pn^Uant 
suifaoe  and  reduce  die  eneigy  required  for  ignition  or  increases  the  flame  propagation  rate  during  the  early 
part  of  bundrig.  It  has  been  shown  that  increasing  the  amoum  of  oxygen  dissociadtm  decreases  the 
ignition  delay  time  and  increases  die  flame  propagadon  rate  during  the  early  part  of  the  burning  in  gas 
phase  combusdon,  aid  tha  there  are  potendal  advantages  to  be  gained  from  ignition  by  a  combination  of 
oxygen  atoms  and  hea  (Sloane  1983,  198S). 

3.3  ATACS  Simulator  Testing.  Preliminary  testing  of  a  two-piece,  multipoint  blackpowder  igniter 
system  is  in  progress.  An  importam  consideration  is  the  optica  access  into  the  gun.  Concepts  where  a 
small  optica  window  is  incorporated  into  the  breedi  have  been  developed  by  die  British  and  shown  to 
be  higlily  successful.  The  breedi  window  mua  be  composed  of  a  materia  which  will  readily  transmit  the 
laser  radiation  and,  in  addition,  withstand  the  high  pressures  encountered  with  large-caliber  guns.  A 
suitable  txeech  window  materia  made  from  auminum  oude  (siqiphiie)  easily  satisfies  these  tequiremoits. 
Syndietic  sapphire  is  routinely  used  in  high-pressure,  hostile  environments.  In  addition  to  the  requirements 
of  the  window  for  robustness  and  high  transmisavity  at  the  laser  wavelengtns  used,  problems  assodated 
with  contamiiuttion  must  be  addressed.  The  Ineech  window  may  well  survive  a  angle  initiation,  however, 
combustion  products  and  particulates  (debris)  may  contaminate  the  window  and  reduce  the  transmission 
of  die  laser  beam  in  subsequent  firings.  Repeated  firings  may  produce  a  degree  of  contamination  wherein 
die  transmitted  laser  energy  is  no  kmger  sufficient  for  reliable  ignition.  Simple  concepts  have  been 
developed,  however,  such  that  the  breech  window  can  be  somewhat  shielded  from  the  combustion  event 
andAH*  cleaned  using  a  txeedi  brash.  It  has  been  demonstrated  that  if  the  breech  window  is  incorporated 
into  a  debris  trap,  then  ocmtamination  can  be  minimized  0.e.,  the  window  does  indeed  become  somewiiat 
obscured  by  particulates,  but  a  steady-state  cmdititm  is  achieved  which  inhibits  furdier  loss  in 
tianamission).  ARL  has  proposed  a  unique  double-window  concept  which  may  have  important 
qrplications  in  die  laser-based  ignition  of  tank  rounds. 

As  mentioned  earlier,  the  incorporation  of  multicompcment  ammunition  in  the  propelling  charge 
introduces  interfoces  which  can  interfere  with  reliable  flamespreading  characteristics  in  the  combustion 
event  Inteifaoes  udiich  inhibit  nqiid  flamespread  within  the  propdlam  bed  can  lead  to  localized  ignition 
whidi  in  turn  may  produce  presrore  diffeientials  bdween  the  charge  and  projectile  base.  Pressure 
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tMffct—irtri*  fn  ImaA  to  n«riHarinM  whteh  may  iBmh  in  «if«lmphiff  fafliiWB  nf  ttig  pm  Inlefior  bllliStiCS 
calculations  paftmned  ARL  have  diown  dttt  simultaneous  ignition  of  multicomponait  ammunition  aidi 
as  the  two-piece  tank  round  can  minimize  localized  combustion,  enhance  flame^Mtadiiig  diaiacteristics. 
Md  minimize  the  (mbal^ty  of  gun  failure.  The  rear  compcmem  of  the  two-i»ece  tank  ammunition 
contains  mainly  propellant  and  igniter  material  The  forward  cmnponem  contains  propellam  and  the 
projectile.  Both  components  are  assembled  and  loaded  mechanically.  The  ignition  requirements  for  tank 
munitions  are  much  more  stringent  than  those  of  aitilleiy  guns.  Ignition  of  both  components  must  be 
addeved  on  a  millisecond  time  scale.  The  ATACS  round,  unlike  an  aitilleiy  chai^ge.  utilizes  a  stub-case 
which  maiMiat  an  effective  seal  of  the  round  to  the  breech.  ARL  has  {Hoposed  an  igniti<m  concqa  for 
ATACS  which  utilizes  a  douUe  window.  The  gun  breech  omtains  a  sapphire  window  through  which  foe 
laser  beam  is  transmitted,  however,  in  addition,  the  stubcase  also  ctmtains  a  window.  Combustion 
products  may  contaminate  the  stubcase  window,  but  foe  breech  window  remains  protected  from  this 
environmem.  The  next  ATACS  round  which  is  loaded  contains  a  fresh  window.  The  laser  can  be 
mounted  mi  the  breech  or  coufded  to  foe  breech  using  optical  fibers.  An  optical  fiber  which  is  contained 
within  the  first  component  of  the  two-piece  ammunition  delivers  a  poititm  of  the  laser  energy  to  a 
Uackpowder  igniter  in  the  rear  of  the  forward  ammunition  component  The  (^cal  fiber  in  foe  rear 
cmnponent  can  easily  be  contained  in  an  igniter  tube  or  combustiUe  case  which  will  facilitate  loading  of 
the  propellant  ARL  also  proposes  foe  use  of  uqrered  optical  fibers  to  facilitate  the  transfer  of  the  laser 
beam  from  the  breech  into  foe  optical  fiber  cmitained  in  foe  rear  component  The  tapered  fibers  easily 
align  with  the  iiqwt  laser  beam  fiom  the  breech  and  can  be  designed  to  partially  trananit  a  portion  of  the 
laser  beam  to  bofo  igniters  in  the  finmt  and  rear  components.  Thelaserbeam  which  exits  at  the  front  end 
of  the  rear  compment  can  easily  pass  through  foe  mylar  interface  and  strike  foe  rear  igniter  in  the  forward 
component  to  achieve  simultaneous  ignition.  Optical  fiber  networks  can  also  be  distributed  within  the 
charge  to  achieve  multipoint  igniticm  or  to  accoiiunodate  complex  projectile  geometries  whidi  may  extend 
into  die  rear  porticm  of  the  ammuniticMi. 

Subsequent  to  the  laboratory  testing  of  bofo  foe  laser  ignition  of  blackpowder  and  JA2  propdlant,  a 
simple  single-point  ignition  system  was  tested  in  a  25-mm  ballistics  simulator  in  an  indoor  range.  The 
simulaior  lest  setup  is  depicted  in  Figure  4a.  A  single  laser  pulse  passed  forou^  a  sapphire  wiiKlow  and 
struck  a  Uadqtowder  igniter.  The  simulator  ccmtained  a  grain  of  JA2  propellant  and  a  bed  of  inert 
propellanL  The  pressure-time  curve  for  foe  ignition  event  is  shown  in  Figure  4b.  The  taladcpowdo’ 
ignited  during  foe  laser  pulse,  which  in  turn  ignited  the  JA2  {Hopellam  grain.  The  loading  density  of  the 
live  propellant  was  low  and.  as  a  result,  foe  total  flame^reading  time  and  pressure  rise  occurred  over  a 
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flt.  2QIMm  liaB  icde.  HonetfidMi.  the  Uaer  iyition  qfHem  demorntrated  the  capibiUty  to  mcoesiftiBy 
tnBtfv  te  ipritioD  to  the  propelling  Gha^ 

The  bla^powder  lawr-biaed  ignitiaii  system  was  then  tnnsfeired  to  a  120-mm  ballistics  simulatcMr 
irtrich  ww  setup  in  an  ATACS  two-piece  ammunition  configuratimi.  The  two-piece  caitridge  design  has 
been  die  sut^ect  ttf  recent  detailed  invesdgatioiis  (Chang  and  Robbins  1992).  Prototype  deagns  which 
irtiHaa  a  igniter  tidie  and  combinations  of  sddt  and  granular  pn^iellant  have  been  varied  to  adueve 
sinuiltneoos  ignidan  of  both  components  and  acceptable  flarneqaeading  diaracteriaics.  The  ignition 
tedmology  devdoped  widdn  this  work  has  been  transferred  to  the  cuirem  ATACS  coniigunuitHi  with 
essenddly  little  modificalion  to  die  current  design.  In  onter  to  felly  evaluate  the  ignition  system  concept 
and  to  investigate  flamespreading.  ignition  point  locations  and  timing  between  the  ignititm  of  bodi 
ammunition  components  the  following  two  tests  were  cmducted.  The  vented  igniter  tube  was  loaded  with 
cia«i  1  bladrpowder  and  three  optical  fibers  were  inserted.  The  first  fiber  was  positioned  at  the  rear  end 
of  die  tube  and  a  second  fiber  terminated  at  the  forward  end  of  the  tube.  The  third  optical  fiber  was 
located  widdn  a  booster  at  the  end  of  the  igniter  tube  which  contained  Qass  5  Idackpowder.  The  igruter 
tube  was  loaded  into  die  first  anununition  compmient.  which  was  packed  with  inert  granular  JA2 
propellanL  The  second  ammunition  compoient  comained  a  Idackpowder  basepad  (Class  S),  inert  stick 
IA2  propellant,  and  die  projectile.  The  diarge  was  loaded  into  a  transparent  {dexi^ass  tube  ndddi 
contained  two  pressure  gauges  (Rgure  Sa).  The  configuration  of  the  second  test  charge  was  similar  to 
the  first  except  diat  die  igniter  tube  was  padced  widi  Qass  3  Idadqrowder  and  a  small  bag  of  Class  S 
blackpowder  was  attached  to  the  end  of  each  optical  fiber  Qngure  5b).  The  laser-based  ATACS  ignition 
configuration  has  been  designed  to  simultaneously  ignite  both  components.  All  optical  elements  have  been 
located  widdn  die  igniter  tube  to  facilitate  pn^iellant  loading.  The  first  two  fibers  within  the  igniter  tube 
are  designed  to  i^te  die  Uaciqiowder  and  subsequently  the  propellam.  The  third  fiber  is  (fesigned  to 
ignite  a  booster  t^di  essentially  nqdures  the  interface  between  both  components  and  subsequently  ignites 
the  fiMward  ammunition  component 

The  overall  simulator  test  set-up  (Figure  6a)  used  in  this  work  is  located  at  the  Propulsitm  and  Flight 
Division’s  Large-Caliber  Oun  Testing  Fadlity.  Two  U^-speed  cameras  recorded  flamespreading  within 
die  shnilaior.  The  laser  system  control  was  modified  to  incorporate  several  safety  features.  A  100-ft 
external  iideriock  to  die  power  siqiply  was  supfdied  to  the  firing  cmttrol  room.  An  external  firing  line  was 
also  nm  from  die  laser  power  siqiply  to  die  master  fire  coittrol.  An  t^cal  fiber  network  vdiidiconnsted 
of  three  12S-ft  fibers  was  ddivered  to  die  Emulator.  Eadi  fiber  was  equ^iped  with  an  SMA  connector 
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ndoQoneciorlMdiiivwliiGiiteivedaf  a  disnqjt  point  for  the  laser  beam  fbr  safety.  This  feature  allowed 
fior  dK  laser  to  be  adjusted  and  fired  without  being  directly  connected  to  the  simulator. 

The  firing  sequence  fer  the  simulator  testing  proceeded  as  follows.  The  test  charge  configuration  was 
assembled  and  loaded  into  the  simulator  vriiile  the  laser  was  aligned  for  optimum  transmission,  then  the 
laser  was  compirtely  shut>down.  At  this  poiitt  the  optical  fibers  fiom  the  simulator  and  laser  were 
disoonnecied.  The  laser  system  was  repeatedly  test  fired  fiom  the  ctmtrol  room  to  insure  pitqrer 
funcrionality.  Once  die  simulator  was  ready,  die  range  area  was  cleared  of  all  personnel.  The  SMA 
connector  bushings  were  dien  used  to  ominea  the  optical  fibers  fiom  the  laser  to  the  simulator  which  was 
located  behind  a  barricade.  A  key  interiock  whidi  supplied  power  to  the  laser  power  supply  was  turned 
on,  dien  a  second  interiock  was  switched  on  at  die  power  supply.  Inside  the  control  room,  a  third  laser 
power  supfdy  interiock  was  turned  on  which  enabled  the  laser  flashlamp  pulse-forming  network  to  charge. 
At  this  point  in  time,  the  laser  must  then  be  fired  within  45  seconds;  otherwise  a  fourth  interlock  will  shut 
the  laser  system  dowtL  The  final  firing  signal  (TTL)  was  then  delivered  to  the  laser. 

The  pressure  time  data  fiom  both  simulator  tests  are  given  in  Figure  6b.  High-speed  film  data  fiom 
the  event  was  also  recorded,  bi  test  no.  1,  approximately  l.O  J  of  laser  energy  (fiom  a  single  10-ms-long 
laser  pulse)  was  delivered  through  each  optical  fiber  to  the  charge.  Ignitimi  of  the  blackpowder  occurred 
during  the  laser  pulse  as  antidlpated.  However,  a  comparison  of  die  high-speed  film  data  and  pressure¬ 
time  curve  showed  that  both  comptments  did  not  ignite  within  less  dian  die  desired  1-ms  time  frame.  The 
film  data  showed  diat  the  ignition  of  die  forward  component  preceded  that  of  die  rear  component  Further 
conrideratkm  of  dus  data  and  laboratory  testing  have  shown  that  since  the  laser  li^  did  not  strike 
identical  samfdes  of  Uaciqwwder  (die  classifications  were  different),  the  reladve  ignition  delay  between 
the  two  components  could  be  attributed  to  two  variables.  The  diameters  of  Qass  1  blackpowder  granules 
in  the  igniter  tube  are  large  (5-10  mm)  compared  to  the  powder-like  consistency  of  the 
Class  5  tdackpowder  contained  within  the  booster  and  basepad.  Therefore,  there  are  necessarily 
differences  in  bodi  flame^»eading  and  orientation  effects  between  the  terminal  ends  of  the  fiber  and  the 
pfDximiQr  of  die  grains  near  the  fiber.  In  order  to  minimize  these  uncontrolled  variables,  it  was  dedded 
to  attach  a  aengitizer  at  the  end  of  each  fiber  udiidi  contained  die  very  fine  Class  5  Idaclqmwder.  The 
pressure  time  data  and  high-speed  film  data  confirmed  these  contentions,  hi  test  no.  2.  the  blackpowder 
ignited  during  die  laser  pulse  and,  in  addition,  both  die  forward  and  rear  ammunidon  components  ignited 
widdn  0.6  ms  of  each  ofher.  The  pressurization  was  much  more  expedient  and  flame^ireadmg  was 
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flaavisiB.  RtfmtMlBfwilbeaimedatO|)ikidzingdieiwaiber(rfiftritianpoittloaKioiiiaiid  then  firing 
WittlHv«|RQ|Mil»t. 

4.  C(»(CLUSION 

The  preUmiiiaiy  results  from  the  testing  of  a  laser-based  ignition  system  for  ATACS  have  been 
desoibed.  Piuametiic  investigations  of  the  ignition  train  optical  components  and  igniter  material  sudi  as 
bladqnwder,  ball  powdo*.  CBI,  and  JA2  pn^Uant  woe  givea  Full-scale  simulator  testing  on  the 
ATACS  ignition  system  has  demon^rated  near  simultaneous  ignition  of  die  components  in  two-piece 
aimnunition.  The  development  of  laser-based  igniticm  systems  for  large-caliber  guns  sudi  as  ATACS  has 
foe  poimitial  to  solve  pnddems  associated  with  reliable  and  reproducible  flame^ueadiitg  diaracteristics 
within  propellant  beds.  The  recem  advances  in  gun  propulnon  systems  which  utilize  multicomponent 
anununition,  autoloading  devices  for  projectiles,  charges,  and  primers  {dace  new  constraints  on  the  ignition 
train,  bi  addition,  insensitive  munition  requirements  for  future  gun  systems  may  require  alternate  or  non- 
conventional  ignition  sources  to  be  imidemented.  As  a  result,  laser-based  ignition  systems  may  prove  to 
be  a  viable  initiation  source  for  these  munitions.  Laser  energy  distributed  through  optical  fibers  embedded 
in  a  propellant  bed  cannot  rmly  ensure  simultaneous  i^tirni  of  the  charge,  but  also  reduce  overall  system 
vulrierabiUty  fimn  foe  diminatirm  of  all  i»imer  and  igniter  material  from  the  munition  Laser  ignition 
systems  may  also  have  an  impact  rm  gun  performance  through  temperature  compensatmg  and/or 
prograDtimed  delivery  of  laser  etrergy  through  rqitical  fibers.  New  developments  in  r^itical  fiber  material 
may  produce  energetic  and  cor^umaUe  fibers  iifoidi  leave  no  reddue  in  gun  systems  and,  in  addition, 
enhance  ignition. 
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TMi  UbwMDiy  WMlwHhat  a  comiiiidBg  eflbit  to  imptove  the  qiaUty  of  the  lepoitt  it  puMiihet.  Your 
cmmMUtumim  to  the  ttemiAqaetHiooi  bdkyw  will  aid  os  in  our  efforts. 

1.  ARL  Report  Number  AHL-TR-474 _ DaieofReport  July  1994 _ 

2.  DeteRqioftReoeived _ 

3.  Does  tfiis  report  satisfy  a  need?  (Conunem  on  purpose,  related  inoject,  or  other  area  of  interest  for 

which  the  report  will  be  used.)  _ 


4.  Specifically,  how  is  foe  report  being  used?  (Information  source,  design  data,  procedure,  source  of 
ideas,  etc.) _ 


S.  Has  foe  inftmnation  in  fois  report  led  to  any  quantitative  savings  as  far  as  man-hours  or  dtdlars  saved, 
operating  costs  avtnded,  or  efficiencies  achieved,  Cicl  If  so,  please  elaborate. _ 


6.  General  Comments.  What  do  you  foink  should  be  changed  to  improve  future  reports?  (Indicate 
changes  to  organizatitm,  technical  content,  format,  etc.) _ 


Organizruion 


CURRENT  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


Qty,  State,  Zip  Code 

7.  IfindicatingaChangeof  Addresser  Address  Correction,  please  {Movide  foe  Currem  or  Cjorrect  address 
above  and  foe  Old  or  Incorrect  address  below. 


Organizatitm 


(MJ>  Name 

ADDRESS  _ 

Street  or  P.O.  Box  No. 


Qfy,  State,  zap  Code 


(Remove  this  sheet,  fold  as  irxlicated,  uqre  closed,  and  mail) 
(DO  NOT  STAPLE) 
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